In this study, we have successfully fabricated vertical-channel organic thin-film transistors with a channel length smaller than 100 nm. It is found that Fowler-Nordheim tunneling is the dominant mechanism determining the ultra short-channel device behavior. To improve the gate control capability, a meshed source electrode pad had been used. This significantly lowers the gate and drain driving voltages (<10 V), improves the saturation characteristics and reduces the leakage current. The improvement may be due to the fringing field around the source electrode, which suppresses the tunneling effect.
Introduction
Recently, organic thin film transistors (OTFTs) have attracted much attention due to their potential applications for flat-panel displays and flexible electronics. [1] [2] [3] To improve the OTFT performance, many methods such as surface treatments, new electrode materials, and new dielectric materials have been proposed. [4] [5] [6] In addition to increasing the output driving current, it is also essential to lower the driving voltage. As a result, new device structures with a short channel length have been proposed. [7] [8] [9] [10] [11] [12] Using highresolution lithography systems such as G-line photolithography, I-line photolithography, and the e-beam direct writer, organic devices with a nano scale channel length have been realized. The device operation voltage could be scaled down to less than 10 V. However, production cost was increased using these advanced lithography systems. To develop shortchannel OTFTs with a low production cost, a vertical structure with a top drain contact and a bottom source contact (TBC-OTFT) has been demonstrated. 11, 12) The influences of the electrode materials and electrode configurations have been discussed, and the unsaturated draincurrent required further improvement.
In this study, we first investigated the conducting mechanism of the TBC-OTFTs. The unsaturated characteristics were found to be governed by Fowler-Nordheim (F-N) tunneling. The F-N tunneling from source to drain reduced the control ability of gate bias and increased the leakage current of the devices. To suppress the tunneling effect, TBC-OTFTs with a meshed source electrode were proposed. By utilizing the fringing field effect generated by the gate bias around the source electrode, the tunneling effect can be significantly suppressed. As a result, better saturated turn-on characteristics and smaller leakage current were obtained.
Experimental Procedure
The flow of the process is illustrated in Figs. 1(a)-1(e). As shown in Fig. 1(a) , we grow a thermal oxide layer about 1000 Å thick on a slightly boron-doped Si wafer with a wafer resistance of about 15 -25 cm. Then, bi layer metals (Pd/Ti) are deposited as source and drain electrodes using the E-gun deposition system (ULVAC EBX-10C). The deposition pressure is 3 Â 10 À6 Torr with a deposition rate of 0:5$1 Å /s. The thicknesses of the Pd and Ti layers are 1000 and 10 Å , respectively. The source electrode is then patterned by photolithography after metal deposition and shown in Fig. 1(b) . By etching in the dilute aqua regia (HNO 3 : HCl : H 2 O ¼ 1 : 3 : 4 at temperature > 70 C), the electrode pads are formed. The pentacene material that we used is obtained from Aldrich without any purification; the as-received material is placed in a thermal coater for direct deposition. In Fig. 1(c) , we use photoresist to define the active regions, we may also use a shadow mask to define the pattern of the pentacene film. During the pentacene deposition, the substrate temperature is heated to 70 C. The deposition rate is 0.5 Å /s and the pressure is less then 3 Â 10 À6 Torr. Then, the window-like source electrode is fully covered with a 100 nm layer of pentacene film. On the top of the pentacene film, we mount the other shadow mask for depositing the drain electrodes. As illustrated in Fig. 1(d) , we deposit Au (50 nm) using a thermal evaporator as the drain electrode pad. Several individual drain electrodes are formed on the pentacene film, as shown in Fig. 1(e) . The short-channel TBC-OTFTs, in which the drain electrodes overlapped with the source electrodes, were defined as Group A devices. The long-channel TBC-OTFTs were defined as Group B devices, in which the drain electrodes were at a distance from the source electrodes. A top-view obtained from a microscope charge-coupled device (CCD) is shown in Fig. 2 .
Then, we fabricated the TBC-OTFTs with meshed source electrodes by the process described above. The only difference was that we replaced the window-like source electrodes with meshed source electrodes. A top-view image of the devices with meshed source electrodes is shown in Fig. 3 .
Results and Discussion
The output characteristics of the Group A devices are shown in Fig. 4(a) . The unsaturated drain current is clearly observed. This is consistent with previous reports on shortchannel organic thin-film transistors. 13) Figure 4 (b) depicts their transfer characteristics, a higher on/off current ratio can be achieved when the drain electrode bias is higher. For Group B devices, different output characteristics can be observed in Fig. 5 . Highly saturated behavior can be obtained under large drain bias. To understand this difference, we consider the carrier transport mechanism in OTFTs. It is accepted that the carrier transport in OTFTs is strongly affected by two distinct mechanisms. One is the carrier injection through the barrier at the metal/organic interface. The other is the multiple trapping during the carrier transport inside the organic thin film. For Group B devices, the current path follows the longchannel current path along which carriers have to travel for a certain lateral distance from the source side to the drain side. As a result, conventional long-channel device characteristics are obtained. For Group A devices, carriers are injected from the source side and are transported inside the pentacene layer for a very short distance ($100 nm) then arrive at the drain side. It is plausible that under a large electric field, carriers may tunnel through the potential barrier between the metal contact and the pentacene film. The process can be described by F-N transport using the following equation: 14) I Since the vertical devices with ultra short-channel length (Group A devices) exhibit the F-N transport mechanism, increasing the gate control ability can improve the device performance. Therefore, we further modify the source electrode pad to have a meshed shape, as illustrated in Fig. 3 . The array of small pinholes on the electrode allows the gate electric field to penetrate into the channel region and allow better control ability of drain-current. The output characteristics of this new device are shown in Fig. 7(a) , It is found that a relatively good performance can be obtained even when the operation voltage is smaller than 5 V. The transfer characteristics are depicted in Fig. 7(b) ; improved subthreshold swing and reduced leakage current can be found compared with those shown in Fig. 4(b) .
To further study the influence of the source electrode shape on the leakage current, the electric field distribution was simulated by the Silvaco TCAD (ATLAS and ATHENA). By setting the gate bias to 20 V and the drain bias to À20 V, the electric field distribution of the Group A devices is shown in Fig. 8(a) . A large electric field higher than 2 MV/cm exists between the drain and the source electrode. It is very likely that this large electric field causes a tunneling effect or barrier lowering effect to produce a large leakage current from the source to the drain. The TBC-OTFT with meshed source electrodes, on the other hand, exhibits a very different electric field distribution, as shown in Fig. 8(b) . A significant gate-field fringing effect is observed, which reduces the electric field around the source electrodes and blocks the high electric field from the source to the drain. The result explains the reduced leakage current in the TBC-OTFTs with a meshed source electrode and gives an insight into the OTFT leakage mechanism.
Conclusions
We used a simple method of fabricating nano scale vertical-channel organic devices without using a highresolution photolithography process. The fabrication can be completed by only using a shadow mask and a simple aligner. The channel length is defined by the pentacene thinfilm thickness and the source/drain electrode configuration. When the drain electrode pad is overlapped with the source electrode, ultra short-channel device characteristics are observed. The Fowler-Nordheim transport mechanism is found to dominate the output characteristics because of the large electric field located in the channel region. When the drain electrode does not overlap with the source electrode, typical long-channel device performances are observed, and the carrier transport in the pentacene layer follows conventional multiple-trapping theory. To further enhance the gate control ability and lower the leakage current of the ultra short-channel devices, we introduced a meshed source electrode. In the new device, a low drain voltage (<10 V) and higher on/off current ratio (by about four orders) was successfully obtained. Further studies are in progress to discover and identify further short-channel properties of TBC-OTFTs. The gate bias is 20 V, the drain bias is À20 V, and the source is connected to the ground.
